Abstract In this paper, a new particle image velocimetry (PIV)-based measurement method is proposed to obtain the high-resolution tide-induced Lagrangian residual current field in the laboratory. A long gravity wave was generated to simulate the tide in a narrow tank full of water laden with PIV particles. Consecutive charge-coupled device (CCD) images were recorded with the studied layer illuminated with a laser beam. Two images separated by one tidal period were processed by applying the pattern-matching algorithm to get the horizontal tide-induced Lagrangian residual current field. The results coincide with sporadic results from the traditional surface-float tracing method, but with much higher spatial resolution and accuracy. Furthermore, it is found that the direct acquisition of the Lagrangian residual current may reduce the error at least by one order compared with those acquisition methods that require the detailed information of the tidal cycle.
Introduction
In bays and estuaries, the tide-induced residual current, which is generated by the nonlinearity of the tidal system, is an important component in coastal and estuarine circulations (Nihoul and Ronday 1975; Feng 1990) . Although the discussion of the tide-induced residual current is inevitable when studying the dynamics of the tide dominant shallow sea systems, its definition is far from unified. As a result, different methods have been proposed to derive it from the tidal current fields. The most frequently used definition is the Eulerian mean velocity, the socalled Eulerian residual velocity, which is defined as the time average or the steady part in the harmonic analysis of the tidal current at one fixed location for one or several tidal periods. The Eulerian mean method was used in many analytical or numerical studies to get the inter-tidal motion (e.g., Lopes and Dias 2007; Huijts et al. 2009; Vaz et al. 2009 ). However, it is not an appropriate representative of the inter-tidal current because of its violation of the mass conservation (Feng et al. 1984 ) and the ambiguity of the fictitious dispersion term (Fischer et al. 1979) .
Another definition of the tidally averaged velocity is the quotient of the net displacement of a water parcel after several periods and the elapsed time, namely, the Lagrangian residual velocity. Longuet-Higgins (1969) was the first to put forward the concept of the Lagrangian mean velocity in large-scale circulations. He pointed out that the mass transport velocity equaled the sum of the Eulerian residual velocity and the Stokes' drift velocity. Zimmerman (1979) examined the approximation of the rigorous Euler-Lagrangian transformation and defined the Lagrangian residual velocity as the net displacement of a labeled water parcel over one or several tidal periods. Cheng and Casulli (1982) proposed that the Lagrangian residual velocity was a function of the tidal phase when the water parcel was labeled. Feng et al. (1986a) systematically analyzed the depth-averaged dynamic system in the weakly nonlinear shallow sea. They divided the Lagrangian residual velocity into different orders under the assumption of the weakly nonlinear convective terms and found that the first-order Lagrangian residual velocity was the mass transport velocity and the second order of the Lagrangian residual velocity was the Lagrangian residual drift velocity, which displayed the Lagrangian nature of the Lagrangian residual velocity. Furthermore, they established a new inter-tidal mass transport equation, in which the convective velocity was the mass transport velocity, making the "tidal dispersion" term in the traditional inter-tidal mass transport equation vanish (Feng et al. 1986b; Cheng et al. 1989) . Feng (1987) set the field equations for the Lagrangian residual circulation induced by an M 2 tidal system and developed a three-dimensional Lagrangian residual current model. Dortch et al. (1992) used the model developed by Feng (1987) to simulate the annual salinity distribution in 1985 in the Chesapeake Bay, whose results coincided with the field observation results. This model solved the problem that with the use of the Eulerian residual velocity, the simulated salinity was lower than the observational salinity. Also, based on this model, several studies (Cerco and Cole 1993; Cerco 1995a, b) simulated the multiyear nutrients distribution and the eutrophication distribution trend and found that the results were reasonable. Delhez (1996) , after discussing the different approaches used to simulate the long-term advection of passive constituents on tidal shelves in the framework of large-scale hydrodynamic modeling, found that the Eulerian residual transport velocities failed to represent the long-term motions when the tidal nonlinearities were important and concluded that the first-order Lagrangian residual velocity was a very good solution. Wei et al. (2004) used the Hamburg Shelf Ocean Model (HAMSOM) to simulate the Eulerian and Lagrangian residual current in the Bohai Sea. Jiang and Feng (2011) used the analytical method to study the tide-induced Lagrangian residual current in a narrow bay and compared the difference among the Eulerian residual velocity, the Eulerian residual transport velocity, and the Lagrangian residual velocity, demonstrating that the Lagrangian residual current was the appropriate representative of the water mass inter-tidal transport in the tide-dominant area. The above results clearly show that it is appropriate to use the first-order Lagrangian residual velocity to describe the circulation fields in the shallow sea.
All the above results are based on the weakly nonlinear assumptions. Feng et al. (2008) broke this limit and studied the tide-induced circulation and mass transport in the general nonlinear system. They proposed a new concept of the concentration for inter-tidal transport processes, named as the "Lagrangian inter-tidal concentration."
The studies mentioned above prove that the Lagrangian residual current is the appropriate representative of the intertidal current, but it has not been widely accepted up to now. One of the possible reasons is that the mathematics of the Lagrangian residual current is more complex than that used in the Eulerian residual velocity and the accurate acquisition of the difference between them is difficult due to the small value of the residual currents compared with the tidal current.
Generally, there are two ways to get the Lagrangian residual current. One way is to get the sum of the Eulerian residual velocity and the Stokes' drift velocity, and the other is to analyze the trajectories of water parcels. However, it is not an easy task to obtain the Lagrangian residual current field by either method. As mentioned above, the tide-induced residual current is very small and is often of the same order with the instrument measurement error. The direct measurement error of the time series of tidal currents will contaminate the Lagrangian residual current. The trajectory method, which arises from the original definition of the Lagrangian residual current, is reliable, but it is not possible to get enough trajectories to make a satisfying spatial coverage.
Things may be easier in the laboratory because of long history of the experimental fluid dynamics studies. By now, there have been a number of laboratory experimental studies on the tide-induced residual current, but most of them are confined to the obtaining of the Eulerian residual velocities. Yanagi (1976 Yanagi ( , 1978 ) did a series of laboratory experiments on the Eulerian residual velocity in a square bay model. Yanagi and Yoshikawa (1983) investigated the effects of the Coriolis force and bottom slope on the tide-induced residual current, but they also only acquired the Eulerian residual velocity. Yasuda (1984) obtained the surface Eulerian residual velocity and Lagrangian residual current in a bay with a sloping bed. In all of these studies, the method used to acquire the tide-induced residual current is the surface-float tracing method, i.e., some floats are spread on the surface of the water and the trajectories of the floats are acquired by taking a series of photos in several tidal periods. However, in order to distinguish the floats in the frames acquired by the camera, the distances among these floats must be large enough. Therefore, the velocity can only be obtained at sporadic points and the velocity field can hardly be obtained.
In the 1980s, a method to obtain the high-resolution velocity field, the particle image velocimetry (PIV) technique, was developed in experimental fluid dynamics (Adrian 2005) . This technique makes the acquisition of accurate and highresolution instantaneous velocity fields possible. Recently, it has been used in many laboratory studies on ocean phenomena (e.g., Dossmann et al. 2011; Mercier et al. 2011; Wang et al. 2012) . In the present study, based on the tide-induced Lagrangian residual current theory, a method that enables the acquisition of the high-resolution Lagrangian residual current field through the PIV technique is proposed. The paper is organized as follows: Section 2 describes the measurement principles, the experimental setup, and the similarity analysis. The results and evaluation are discussed in Section 3. Section 4 analyzes the impact of measurement error on the measurement of the residual current. Conclusions are presented in Section 5.
2 Measurement principles, experimental setup, and similarity analysis
Measurement principles
With the classical PIV technique, the particles with a diameter of tens of microns are suspended in the fluid. Illuminating one slice of the fluid with a laser beam and taking photos of the slice with a high-speed charge-coupled device (CCD) camera, a sequence of images that reflects the distribution of the particles can be obtained. Then, every frame is split into an array of interrogation windows and a displacement vector for each window can be obtained by processing two consecutive frames with autocorrelation or cross-correlation techniques, which is called the pattern-matching algorithm. Every interrogation window can be regarded as a fluid parcel, and the size of the interrogation window should be chosen to have at least 6 pixels per window on average. As a result, the instantaneous velocity of each fluid parcel is obtained to formulate the highresolution velocity field.
To accurately measure the fluid motion, three conditions should be satisfied. Firstly, the PIV particles should follow the flow of the fluid very well. Secondly, the distances that fluid parcels move during the time interval between two neighboring frames should not be too long to hinder identifying the movement of the fluid parcel defined by the interrogation window. Thirdly, the distribution of the particles in a fluid parcel, i.e., an interrogation window, should remain almost unchanged between the two frames used for calculating. The third problem is called the particle pattern decorrelation which is of major concern in acquiring the velocity field by applying the PIV technique. Two mechanisms contribute to this phenomenon: one is the effect of the diffusion, which can change the particle distribution pattern in one water parcel; the other is the velocity normal to the plane being studied.
According to the definition, the Lagrangian residual velocity can be obtained by processing the two images separated by one tidal period with pattern-matching algorithm if the above three conditions are satisfied. In the present study, the PIV particles are chosen as those used in similar studies; then, the first condition is satisfied easily. According to the behavior of the tide-dominant movement, the fluid parcels will come back to the positions near their initial positions after one or several tidal periods. Therefore, the net displacements of water parcels in one or several tide periods are small and may be measured by the PIV technique, which will be discussed in the following part. As for the particle pattern decorrelation, velocity normal to the illuminated plane can be estimated to evaluate its influence, but the effect of the turbulent diffusion can only be discussed after the experiment is carried out.
Experimental setup
This experiment setup is based on a narrow bay model with an analytical solution. Winant (2008) first gave the analytical solution of the first-order Lagrangian residual velocity for a parabolic depth profile by calculating the Eulerian residual velocity and the Stokes' drift velocity separately. The present author established the governing equations for the first-order Lagrangian residual velocity and solved it analytically (Jiang and Feng under review) . In the above models, the momentum equation of the vertical direction is reduced to hydrostatic equilibrium because of the small ratio of depth to horizontal spatial scale when studying the tidal currents in a bay. This ratio is of the order of 10 −3 at most which is difficult to reproduce in the laboratory without changing its dynamics. In the present study, the laboratory experiments were conducted in a rectangular tank of 5,000 mm long (x-axis), 150 mm wide (y-axis), and 400 mm high (z-axis). At the lefthand side of the tank, a wave generator was used to generate gravity waves with a period of 7.6 s to simulate tides. At the right-hand side, a bottom slope was put in the tank which was 1,000 mm in length and made the water depth decreasing linearly along the y-coordinate from 120 to 40 mm (Fig. 1), i.e., the mean depth of the water on the slope was 80 mm. The measurement area was chosen at the right-hand side of the tank which was 420 mm long. The laser beam illuminated a horizontal plane just below the water surface. The PIV particles with a diameter of about 30 μm were suspended in the water. At about 1 m above the water surface, a camera with a frame rate of 30 fps was set to record the particle distributions of the illuminated plane with a resolution of 1,392 × 1, 040 pixels.
Similarity analysis
First, the properties of the wave in this experiment are diagnosed. In this experiment, the elevation of the water ζ is of the order of 1 mm, which is small compared with the water depth, so the dispersion relations can be written as ω 2 =gkth(hk), where ω, k, and h represent the angular frequency, the wave number, and the mean water depth, respectively. According to the equation k ¼ 2π λ , where λ denotes the wavelength, it can be deduced that the ratio of the water depth to the wavelength is of the order of 0.01. Therefore, the wave generated in this experiment is a long gravity wave, whose vertical velocity is Fig. 1 The experimental setup Ocean Dynamics (2013) 63:1181-1188much smaller than longitudinal velocity. This ensures that the vertical velocity will not affect the distribution of the PIV particles in any horizontal plane, which partly satisfies the third condition mentioned in Section 2.1.
Second, based on the experimental setup, the independent characteristic scales are presented, namely, the basin length scale L ∼10 m, the basin width scale B ∼0.1 m, the basin depth scale H ∼0.1 m, and the time scale T ∼10 s. According to the measurement results, the peak longitudinal current is about 10 mm/s, i.e., the longitudinal velocity scale U ∼10 mm/s. Because According to the above analysis, the second condition mentioned in Section 2.1 is satisfied in this experiment: because UT L << 1 , the experiment setup defines a weakly nonlinear system, where UT means that the characteristic value of water parcel excursion is about 0.1 m. In addition, in the weakly nonlinear system, the ratio of the residual current to the tidal current is also equal to UT L (Ianniello 1977; Feng et al. 1986a) . Therefore, the net displacement of the water parcel over one period is of the order of 0.001 m. The fluid parcels will be back to the positions near their initial positions after one tidal period. According to the measurement area and the CCD resolution, the net displacement of the order of 0.001 m can be measured through the PIV technique.
As to the third condition, it is assumed that the horizontal convection dominates in the experiment, i.e., the PIV particles' distribution in a horizontal interrogation window holds well in one tidal period. If this assumption is right, the highresolution horizontal Lagrangian residual current field on a certain layer can be obtained rigorously by applying the pattern-matching algorithm on the initial and final frames over one tidal period. Yet the direct estimation of the importance of the turbulence diffusion in an interrogation window is beyond the scope of the present study because it is of the subgrid scale here. So in the following section, this method will be evaluated by analyzing the experiment results.
Results and evaluation

Results
In this experiment, 228 frames can be acquired in one tidal period. The phase when the ebb tidal velocity reaches its maximum is assumed to be φ =0. In the experiment, the images of three periods are taken. Then, if the patternmatching algorithm is applied to each pair of frames separated by one tidal period, the high-resolution Lagrangian residual current fields with different initial phases are obtained. Replicating experiments have also been done, and Lagrangian residual current fields are nearly the same. Averaging these results with the same initial phase, the Lagrangian residual current fields with the different phases are displayed in Fig. 2 .
It can be seen in Fig. 2 that when the tidal current flows over the narrow bay with the bottom slope decreasing linearly along the width, the Lagrangian residual current flows in at the shallow side and flows out at the deep side. The residual current is around 0.1 mm/s, and the tidal velocity amplitude is about 10 mm/s. Therefore, the residual current is one to two orders in magnitude smaller than the tidal velocity. The pattern of the Lagrangian residual current field does not change with the initial phase. This is because the experiment setup defines a weakly nonlinear system; the second-order Lagrangian residual current which is dependent on the phase of tidal current is much smaller than the first-order Lagrangian residual current (Feng et al. 1986a) . The Lagrangian residual current field for a tidal period of 5 s is also obtained and is similar to that in Fig. 2 (figures are omitted for brevity) . This is in accordance with the result of the analytical model when the viscosity coefficient is taken to be very small to make the turbulent viscosity force two orders smaller than the inertial force (see Fig. 3 ). It should be noted that the equations of the analytical model are derived based on the shallow-water approximation because the water depth is at least three orders smaller than the horizontal spatial scale in a real bay. But limited by the experimental technique, the water depth is of the same order as the bay width in the present experiment though it is one to two orders smaller than the bay length. Furthermore, the analytical result in Fig. 3 is only the firstorder approximation to the Lagrangian residual current which is independent of the initial phase. Thus, the experimental results can only be compared with the analytical results qualitatively.
The Lagrangian residual velocity can also be obtained by processing the two images separated by two or more tidal periods. The results show that the Lagrangian residual currents cannot be determined at some interrogation windows which means that the pattern decorrelation becomes important if the time interval between the frame of images is too long.
Error analysis
Although the spatial resolution of the camera is 1,392×1,040, the spatial resolution of the measurement area in the tank is 1, 392×485 because the measurement area covers only part of the frame. Considering the geometry scale of the measurement area, it can be found that a pixel is equal to about 0.31 mm in the present experiment setup. The software for calculation used in this paper is DigiFlow (Dalziel Research Partners 2008) . In this experiment, the accuracy is set to best when processing the data by using DigiFlow, in which the calculated accuracy of the net displacement through PIV is about 1/100 of a pixel which is 3.1 ×10 −3 mm. Because the tidal period in the experiment is 7.6 s, and there are 228 frames in one period, the error is about 9.3×10 −2 mm/s of the instantaneous velocities and is about 4.1×10 −4 mm/s of the Lagrangian residual velocities. Therefore, the measurement error of the PIV method in the present experiment is two orders smaller than the measured variables.
Comparison with the surface-float tracing method
According to its definition, the Lagrangian residual current can describe the net displacement of the water parcel after one or several tidal periods. To evaluate the Lagrangian residual current field obtained by the PIV technique, the traditional surface-float tracing method was used as a reference. The surface-float tracing method has been used by some researchers (Yanagi 1976 (Yanagi , 1978 Yanagi and Yoshikawa 1983; Yasuda 1984) , and it was employed again in this study to obtain the Lagrangian residual current at some specific points with the same experimental conditions as in the PIV experiment. When the PIV technique was applied to get the current field, 30 surface floats with a diameter of about 2-3 mm were spread on the water surface simultaneously. Just considering the initial and final positions of these surface floats over one period, the net displacements of the floats over one period can be obtained. Taking φ =0 as the initial time and dividing these net displacements by one tidal period, the Lagrangian residual current at these initial points is presented in Fig. 4 .
The Lagrangian residual current in Fig. 4 exhibits the same flow pattern as that in Fig. 2 . This coincides with that of Yasuda (1984) , who also used the surface-float tracing method to obtain the Lagrangian residual current in a narrow bay model with a sloping bed along the transverse direction.
However, the velocities in Fig. 4 are not exactly equal to those in Fig. 2 . According to the surface-float tracing method, the positions of these floats are determined by identifying the high-brightness area in the two frames as shown in Fig. 5a . The contiguous pixels with a brightness value greater than 0.5 are regarded as being occupied by the floats. The geometrical center of the float can be obtained by averaging the pixel positions occupied by each float. Assuming the float to be a sphere, as shown in Fig. 5a , the geometrical center of the float can be regarded as the center of a circle, and the largest distance between the geometrical center and the edge can be regarded as the radius. Actually, the floats are not exactly spherical and one float only occupies several pixels, which means that the shape of the same float may not be the same in different frames. So there exist positioning errors for center positions of these floats in different frames, which is of the same order as the difference between the radii of the floats in the initial frame and final frame.
In Fig. 5b , one float starting from the pixel (575, 114) is taken as an example to analyze the net displacement over one Fig. 2 The Lagrangian residual current fields obtained by the PIV technique. The initial phase is a 0, b π/2, c π, and d 3π/2 Fig. 3 The first-order Lagrangian residual current field obtained by an analytical method Fig. 4 The Lagrangian residual current obtained by the surface-float tracing method. The initial phase is 0 tidal period obtained by both the surface-float tracing method and the PIV method. Firstly, the angle difference between the directions of both displacements is approximately 1°, which is small enough to demonstrate that there exists little difference between the directions of the Lagrangian residual currents obtained by these two methods. Secondly, the difference in magnitude between the net displacements is nearly 0.2 pixels. Figure 5a shows that the positioning error of the float is 0.3 pixels, which is of the same order as the difference between these two methods. Therefore, the difference in magnitude between the net displacements can be attributed to the positioning error of the surface float.
The angle and displacement differences between these two methods and the positioning errors in surface-float tracing method were calculated for all the 30 floats. The averaged angle and displacement difference between these two methods are 6°and 0.4 pixels respectively, and the averaged positioning error is 0.3 pixels. This shows that the angle is very small and the mean displacement difference is of the same order as the mean positioning error. Therefore, the difference between these two methods is mainly caused by the positioning errors of the center positions of the floats. In addition, the floats are too large to follow the flow well, which may also explain why the surface-float tracing method resulted in a larger measurement error than the PIV method.
Therefore, it is feasible to use the PIV method to acquire the high-resolution Lagrangian residual current field in the laboratory. Moreover, the PIV method ensures greater accuracy than the surface-float tracing method. Thirdly, with the PIV method, the particles suspend in the fluid, which makes the acquisition of the three-dimensional structure of the Lagrangian residual current possible.
The impact of measurement error on the residual current
It has been proved that under weakly nonlinear conditions, the first-order Lagrangian residual velocity equals the sum of the Eulerian residual velocity and the Stokes' drift velocity (Longuet-Higgins 1969; Feng et al. 1986a ). This proposes another approach to obtain the first-order Lagrangian residual current, which is often used in the numerical studies (e.g., Dortch et al. 1992; Delhez 1996; Jiang and Sun 2002; Wei et al. 2004 ). The Eulerian residual velocity (Fig. 6a ) in turn can be obtained by averaging the tidal velocities in one tidal period, and the Stokes' drifts velocity (Fig. 6b) can be obtained according to the formula
Udt⋅∇ U , which depends on the time series of the tidal current at one fixed point and the time series of the gradient of the velocity at the same point. The over bar represents the tidal average operator defined as f ¼ 1 nT ∫ t 0 þnT t 0 f x; y; t ð Þdt . The present experiment, however, uses the PIV technique to get the instantaneous tidal velocity fields at a time interval of 1/30 s. The first-order Lagrangian residual current acquired by this approach is shown in Fig. 6c .
It can be seen that the pattern of the Lagrangian residual current in Fig. 6c is similar to that in Fig. 2 , but it is discontinuous in the left part of the shallow side and the velocity field is more irregular than that in Fig. 2 . This is because the measurement errors in the tidal velocities seriously contaminate the residual current in this approach.
In the PIV technique, the instantaneous tidal velocity is obtained by the quotient of the displacement of one interrogation window and the time interval. Obviously, there are measurement errors in determining the displacements. Because the instrument and the experimental setup are fixed, it is assumed that all the displacement vector measurement errors are within the same range and can be represented by (σ x ,σ y ). It is assumed that the number of instantaneous tidal velocity fields in one tidal period is N and the displacement can be denoted as (Δx k ,Δy k ) for the kth time step. Then, the Eulerian residual velocity can be obtained through the equa-
with the error being (σ x ,σ y )/Δt. Therefore, the minimal error for the Lagrangian
However, if the Lagrangian residual velocity is calculated through dividing the net displacement in one tidal period by the tidal period and the net displacement of a fluid parcel is assumed as (Δx L ,Δy L ), the formula will be
with the error being (σ x ,σ y )/ (N Δt), whose magnitude is 1/N of the error in the former approach. When N =228, which is the number of frames in the present experiment, the error arising from the former approach is two orders larger than the error resulting from the approach dividing the net displacement by the tidal period. Moreover, the influence of the measurement error caused by the former approach will be fatal, especially when the residual current is very small.
In in situ observation analysis, this problem may also arise. Generally, the traditional current measurement error is about 0.01 m/s, so if the Eulerian residual velocity and the Stokes' drift velocity are added together to get the Lagrangian residual current, the minimal error in the Lagrangian residual current will be about 0.01 m/s. However, in most cases, the order of the Lagrangian residual current is 0.01 m/s. Therefore, the measurement error will influence the results vitally. On the other hand, if the Lagrangian residual current is obtained by tracking drifters that fully behave like the surrounding water particles, the major error will come from the positioning process. It is quite common to get a positioning accuracy at the order of 10 m, and this will make the Lagrangian residual current error fall at the order of 10 −4 m/s if M 2 tide is assumed, causing the error to be at least one order smaller than the Lagrangian residual current itself. Therefore, in the field observation, the drifter tracking method is a good practice to get the Lagrangian residual current.
Conclusions
In the present experiment, a long gravity wave is generated in a 5-m-long water tank to simulate the tide. According to the tidal oscillatory behavior that the fluid parcels will be back to the vicinity of their initial positions after one tidal period, a method to obtain the high-resolution tide-induced Lagrangian residual current by the PIV technique in the laboratory is proposed. A comparison with the traditional surface-float tracing method demonstrates that this method is feasible and better than the traditional method. Furthermore, it is found that in laboratory experiments and in situ observation analysis, the method of direct acquisition of the Lagrangian residual current may reduce the error by at least one order compared with those acquisition methods that require the detailed information of the tidal cycle. Although it seems difficult to extend this idea to the field research, the error analysis of the present method hints that the surface drifter tracing is better than adding up the Eulerian residual velocity and the Stokes' drift velocity to acquire the first-order Lagrangian residual velocity in the field. The result in this paper proves that the analytical solution under similar condition as the laboratory experiment is reasonable. In future, the measurement method will be used in laboratory to study the Lagrangian residual current under more realistic conditions.
